Abstract: Hormone ablation therapy (HALT) for breast or prostate cancer accelerates the development of osteoporosis in both men and women by causing estrogen deficiency, which increases the risk for fracture by promoting bone resorption mediated by osteoclasts. Denosumab, a fully human monoclonal antibody that inhibits osteoclast formation and function, increases bone mass in patients undergoing hormone ablation therapy. In the HALT study of 1,468 men with prostate cancer on androgen-deprivation therapy, denosumab significantly reduced the risk of new vertebral fractures, increased bone mineral density (BMD), and reduced markers of bone turnover. In a study of 252 women with breast cancer undergoing adjuvant aromatase inhibitor (AI) therapy, denosumab increased BMD at 12 and 24 months, overall and in all patient subgroups. The overall rates of adverse events were similar to placebo. Clinicians should consider fracture risk assessment and therapies such as denosumab to increase bone mass in patients on hormone ablation therapy who are at high risk for fracture.
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Hormone Ablation Therapy in prostate cancer and Breast cancer
Prostate and breast cancer are among the most commonly diagnosed cancers worldwide, with 0.9 million diagnoses of prostate cancer and 1.4 million diagnoses of breast cancer every year.
1,2 Diagnosis of these cancers in early stages and the development of effective therapies have reduced cancer mortality; 1, 2 10-year recurrence-free survival is estimated at up to 80% in women with breast cancer and 68% to 97% for men with prostate cancer. 3, 4 This trend has sharpened the focus on the overall health and quality of life of prostate and breast cancer survivors. Many patients with prostate cancer or breast cancer are treated with hormone therapy to reduce the risk of recurrence or progression.
In prostate cancer, androgen deprivation therapy (ADT) is widely used for men with hormone-sensitive cancer. [5] [6] [7] [8] [9] ADT for prostate cancer includes orchiectomy, gonadotropin-releasing hormone (GnRH) agonists (eg, leuprolide, goserelin) and antagonists (eg, degarelix), given either alone or in combination with or androgen receptor antagonists (eg, flutamide, bucalutamide, nilutamide). 10 The androgen biosynthesis inhibitor abiraterone will not be discussed in detail in this review, as this agent is indicated very late in the disease course, for metastatic castration-resistant prostate cancer after failure of chemotherapy. 11 In breast cancer, up to 75% of cancers express either estrogen or progesterone receptors, and therefore would be expected to benefit from endocrine therapy. [12] [13] [14] [15] [16] [17] [18] [19] Hormone therapies for the adjuvant treatment of breast cancer include estrogen receptor modulators (SERMs; eg, tamoxifen), aromatase inhibitors (eg letrozole, anastrozole, exemestane), and luteinizing hormone-releasing hormone (LHRH) agonists (eg, goserelin, leuprolide). Additional endocrine therapies used in the metastatic setting include megesterol acetate, fulvestrant, and fluoxymesterone.
effects of Hormone Ablation Therapy on Bone
While hormone ablation therapy can delay progression, prolong survival, or both in patients with prostate and breast cancer, it also accelerates the development of osteoporosis in both men and women. The risks for bone loss and resulting fractures are different for prostate and breast cancer and for various hormonal therapies.
When given as monotherapy in prostate cancer, androgen receptor antagonists (antiandrogens) spare bone, but antiandrogen monotherapy is not an approved treatment in the US. In breast cancer, aromatase inhibitors and LHRH agonists, while often efficacious in preventing metastatic recurrence, cause decreases in bone density as they reduce circulating hormone levels. [20] [21] [22] In post-menopausal women, SERMs carry less risk to bone than aromatase inhibitors and LHRH agonists, because although they antagonize estrogen receptors in breast tissue, they have inherent partial agonist activity in bone. 23, 24 In the case of post-menopausal women treated with SERMs, the benefit of this bone-sparing effect may be partly offset by a small increase in the risk of endometrial cancer and thromboembolic events. 23 
Mechanisms of bone turnover
Throughout life, bone undergoes a continuous process of formation (driven by osteoblasts) and resorption (driven by osteoclasts). In healthy adults, this process is balanced and coordinated. 25, 26 Osteoblasts arising from mesenchymal stem cells induce the formation of new bone; they also secrete factors that regulate bone metabolism, including macrophage colony stimulating factor (M-CSF) and RANK ligand (RANKL). 27, 28 RANKL, produced by bone marrow stromal cells and osteoblasts, binds to RANK on osteoclast precursors, inducing their differentiation from myeloid cells to osteoclasts. [28] [29] [30] Activated osteoclasts attach to bone, secreting enzymes and acids that break down the bony matrix and dissolve bone minerals. 28, 30 The result is bone resorption. When resorption occurs more rapidly than formation, bone mass is reduced and bone tissue deteriorates, compromising bone strength and increasing the risk of fractures.
The mechanisms of bone turnover are similar in patients with bone metastases and cancer treatmentinduced bone loss (CTIBL), as both involve pathologically increased RANKL activity, but there are also important differences. The bone loss associated with hormonal therapies affects the total skeleton, whereas bone metastases are characterized by aggressive local bone destruction, fostered by growth factors released from bone matrix in response to osteoclast activity. This review is focused on bone loss and fractures associated with hormonal therapies, not the skeletal complications associated with bone metastases.
effects of cancer treatment on bone turnover
In patients with cancer, the normal mechanisms of bone metabolism can be significantly disrupted by either disease or treatment. Estrogen (in the form of estradiol) is integral to the maintenance of bone mineral density in both men and women, with testosterone exerting only minor direct effects on the skeleton. 31, 32 In women, the effects of decreased estrogen levels in reducing trabecular bone mass are well known, observed as a mean annual rate of bone mineral density (BMD) loss of 1.9% in women undergoing natural menopause. 33, 34 Testosterone is converted to estradiol by aromatase; recent studies have demonstrated that estrogen deficiency occurs in the male skeleton if serum estradiol levels fall below a certain threshold, creating an independent risk factor for fracture. 35 ADT reduces levels of testosterone and consequently, levels of estradiol. Estrogen stimulates the apoptosis of osteoclasts and suppresses the apoptosis of osteoblasts. The result is that, in estrogen deficiency such as that evoked by ADT, osteoclasts increase in number and osteoblasts decrease, tipping the balance toward bone resorption. 36 Estrogen deficiency is also associated with increases in the levels of cytokines that promote bone resorption, including TNF-α and IL-1α. These cytokines increase the expression of RANKL, further promoting bone resorption. 36 Bone loss that occurs in men receiving ADT is more rapid and severe than normal age-related bone loss: a decrease in BMD of up to 8.5% per year, compared with 0.5% to 1% per year. 37 BMD continues to decrease as the duration of ADT increases. 38, 39 In women receiving aromatase inhibitors for the treatment of breast cancer, reduced levels of endogenous estrogen levels promote the formation of osteoclasts and the resorption of bone. 21 In the ATAC trial of post-menopausal women receiving anastrozole or tamoxifen for breast cancer (n = 6,241), bone loss over 5 years of anastrozole therapy for women who had recently started menopause (#4 years) was 11.3% at the lumbar spine and 7.5% at the total hip. 21 Because circulating estradiol is involved in the regulation of bone turnover, the result of hormone ablation in both men and women is an increased risk of osteoporosis. 40 Other agents used in adjuvant cancer treatment, including methotrexate, cyclophosphamide, doxorubicin, and dexamethasone, may have direct effects on bone, independent of their effects on hormone levels. 41 In many patients, the risk of CTIBL compounds the risk of osteoporosis associated with age or reduced hormone levels.
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Fracture and Its consequences
The reduction in bone strength associated with osteoporosis greatly increases the risk of fracture, often in the hip, distal forearm, and spine. 41 In the year 2000, an estimated 9 million new osteoporotic fractures occurred worldwide, including 1.6 million at the hip, 1.7 million at the forearm and 1.4 million clinical vertebral fractures. 43 By accelerating osteoporosis, hormone-ablation therapy increases fracture risk.
Fracture in patients with prostate and breast cancer
Among US men with nonmetastatic prostate cancer in the SEER and Medicare databases (N = 72,392), men on pharmacologic ADT had a 5.7% rate of fractures over 12 months, a 34% higher risk than for men not on ADT after adjusting for age, race, tumor grade, stage, comorbidities, and osteoporosis or fracture before prostate cancer diagnosis. 39 The adjusted risk for fracture increased with the cumulative dose of ADT and was highest for men with nonmetastatic cancer who had an orchiectomy (adjusted hazard ratio [aHR], 1.62, 85% CI 1.42-1.84). Similar results were reported in a matched cohort study of more than 38,000 men in Ontario, Canada (mean age, 75 years). Those treated with ADT for prostate cancer experienced significantly more fractures of all types (17.2% versus 12.7%, P , 0.0001) and more fragility fractures (9.0% versus 5.9%, P , 0.0001) than matched patients not treated with ADT. 44 Data from the Women's Health Initiative and other studies indicate that post-menopausal breast cancer survivors have significantly lower bone mineral density (overall and total hip) and a resulting increased risk of clinical fracture. 45, 46 A 1999 World Health Organization (WHO) study found that women with non-metastatic breast cancer had more than triple the incidence of vertebral fracture compared with controls without breast cancer, irrespective of age (5.4% over 2.1 years vs. 1.5% over 2.9 years). 47 In the ATAC trial, patients treated with anastrozole experienced fractures while on treatment at an annual rate of 2.93%, compared with a rate of 1.90% of those Clinical Medicine Insights: Oncology 2012:6 being treated with tamoxifen. 48 After completion of treatment, the annual rate of fractures was similar in both groups: 1.56 in those treated with anastrozole and 1.51 in those treated with tamoxifen. 48 
Other risk factors for fracture
In addition to reduced bone density, other factors contribute to the risk for fractures. A 2001 study by Kanis et al showed that age is an independent risk factor for fracture in both men and women. 49 ADT has been reported to decrease lean body mass in men with prostate cancer, with decreases of 2.7% to 3.6% over 12 months reported; lean body mass is associated with increased risk for fracture. 50, 51 The WHO notes that up to half of falls in elderly patients, a frequent cause of fractures, are associated with poor reflexes or vision, gait abnormalities, muscle weakness, chronic illnesses, and medications such as hypnotics, antidepressants, sedatives, 52 and potentially ADT. 53 The National Comprehensive Cancer Network (NCCN) Task Force on Bone Health in Cancer Care notes that many non-oncologic factors are also associated with an increased risk of fracture, including smoking, excessive alcohol use, inadequate exercise, calcium and vitamin D deficiency, parental history of hip fracture, and the use of glucocorticoids, proton pump inhibitors, and anticoagulants. 40 
Consequences of fracture
The risk of mortality increases up to 50% for patients who experience a hip fracture, with a higher risk for men than women; the increased risk persists for months or years after the fracture. 54, 55 In the SEER-Medicare study of fracture risk in men who had ADT, the adjusted risk of death was twice as high for men who had a fracture as for those who did not (aHR = 2.05, 95% CI 1.98-2.12). 39 Similar results were seen in a 2009 Swedish study, in which the age-adjusted mortality risk after fracture was doubled for men and increased by 81% for women compared with controls without fractures. In this study, after a hip fracture, the mortality rate was more than double the rate for all fractures in both men and women. 55 Fractures also produce significant morbidity; a hip fracture may result in the inability to work, potentially leading to social isolation and loss of independence. 56 Vertebral fractures may result in chronic, severe pain or vertebral compression that may compromise pulmonary function. 57, 58 Like hip fractures, vertebral fractures have been found to be associated with increased mortality, also at a higher rate in men than in women. 55, 59, 60 The costs of fracture treatment impose significant financial burdens on the healthcare system; direct costs of hospital treatment and associated care were estimated at $17 billion for the US population aged 50-99 years in 2005. 61 
Risk Assessment and Fracture prevention Assessment
The WHO recommends assessment of fracture risk using both clinical and diagnostic tools for patients considered to be at risk of osteoporosis. 62 The NCCN Task Force on Bone Health in Cancer Care recommends that patients for whom hormone ablation therapy is planned be evaluated at baseline with periodic follow-up using dual x-ray absorptiometry (DXA) scans to assess the risk of fracture. 40 A patient's bone density is described in comparison to a "young normal" adult; the result is called a T-score. WHO criteria define a T-score of $−1.0 as normal, 1.0 to 2.5 standard deviations below normal (a T-score of −1.0 to −2.5) as osteopenia, and a T-score # −2.5 as osteoporosis. 63 The FRAX tool, which can be calibrated for use in various countries and ethnic populations, was designed to assess the risk of fracture in general clinical practice. 64 The probability of a fracture is calculated by the FRAX algorithm from age, sex, body mass index, prior fragility fracture, parental history of hip fracture, tobacco use, glucocorticoid use, high alcohol consumption, and other causes of secondary osteoporosis (eg, rheumatoid arthritis, prolonged immobility, thyroid disorders). These parameters are easy for clinicians to obtain; the tool also works if data for one or more parameters are missing. Measured BMD at the femoral neck can also be input as a variable. The FRAX tool is available at http://www.shef.ac.uk/FRAX.
Bone turnover markers are used to assess treatment effects in clinical trials, but they are not frequently used in clinical practice, as their validity for management of individual patients is not established. [65] [66] [67] Markers of bone resorption include serum type 1 C-telopeptide (sCTX), urinary N-telopeptide (uNTX), and tartrateresistant acid phosphatase 5b (TRACP-5b). Markers of bone formation include bone-specific alkaline phosphatase (BSAP), procollagen-1 N-terminal peptide (P1NP), and osteocalcin.
Fracture prevention
The goals of management to prevent fracture in patients undergoing hormone ablation therapy vary with the degree of bone loss. In patients with normal bone density, 62 the goal of management is the preservation of bone density. In patients who already have osteopenia or osteoporosis, the goal of management is prevention of further bone loss and resulting fractures. 68 An international interdisciplinary expert panel of clinical oncologists and specialists in metabolic bone diseases 69 and the NCCN Task Force on Bone Health in Cancer 40 recommended that all patients at risk of CTIBL receive supplemental calcium and vitamin D. The NCCN also recommended lifestyle modifications: weight-bearing, muscle strengthening, and balance exercises; tobacco avoidance; and alcohol limitation.
Beyond these measures, pharmacologic options are recommended to increase bone mass in patients at high risk for fracture. Antiresorptive agents approved for prevention or treatment of osteoporosis, including denosumab, bisphosphonates, SERMs, estrogen, calcitonin, or recombinant parathyroid hormone (teriparatide) can be considered. 40, 69 Approval by the US Food and Drug Administration (FDA) of therapies for osteoporosis is based on demonstrated effectiveness in reducing the risk of vertebral fractures. Of these agents, only denosumab (60 mg given subcutaneously every 6 months) has been approved in many countries for treatment of CTIBL. No guidelines are currently available for the duration of therapy; the NCCN Bone Health in Cancer Care Task Force suggested that individual patients' risk of fracture be considered when determining the appropriate therapy duration.
pharmacologic Therapies
The role of pharmacologic therapy to treat or prevent osteoporosis in the general population is described elsewhere;
15,40,42,52,69,71-82 key information will be summarized briefly here.
Bisphosphonates
Bisphosphonates reduce bone resorption by accumulating in bone and inhibiting the function of osteoclasts. 83 Although none of these agents are currently approved by the US FDA for CTIBL, they are often used and have been recommended by the American Society of Clinical Oncology (ASCO), the NCCN, and an international expert panel for men and women receiving hormone ablation therapy. 9, 14, 17, 69 Oral bisphosphonates, which are often considered the first line of treatment for osteoporosis, include alendronate, generally taken weekly; risedronate, taken weekly or monthly; and ibandronate, taken monthly; ibandronate is also available as a solution for injection. Oral bisphosphonates have been shown in small studies to increase BMD in men and women undergoing hormone ablation therapy for breast or prostate cancer. 78, 80, [84] [85] [86] [87] [88] [89] Some patients may have difficulties using oral bisphosphonates, which require fasting and remaining upright for long periods in the morning and may be associated with esophagitis (sometimes severe), constipation, or stomach discomfort. [90] [91] [92] Oral bisphosphonates are not recommended or are contraindicated for patients with renal impairment (creatinine clearance , 30 or 35 mL/min) or hypocalcemia. [90] [91] [92] Intravenous bisphosphonates include pamidronate and zoledronic acid. Like oral bisphosphonates, they are not approved but are sometimes used for CTIBL. Pamidronate was shown to prevent bone loss in a trial of men with prostate cancer receiving ADT. 93 Zoledronic acid has been demonstrated in numerous studies to increase BMD in men and women undergoing hormone ablation therapy for prostate cancer or breast cancer. [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] Current product labeling recommends administration of zoledronic acid 5 mg as an intravenous infusion once a year to treat osteoporosis in men or postmenopausal women; in clinical trials evaluating zoledronic acid in patients undergoing hormone ablation therapy, zoledronic acid 4 mg was administered every 3 months 94, 95, [101] [102] [103] 108, 109 or every 6 months. 110, 111 Like oral bisphosphonates, zoledronic acid is contraindicated in patients with renal impairment or hypocalcemia. 112 Zoledronic acid has been associated with osteonecrosis of the jaw, atypical fractures of the femur, severe, incapacitating bone, joint, and/or muscle pain, and acute phase reactions (generally a first-dose effect). 112 
SeRMs
SERMs, which selectively bind estrogen receptors, are used in both prostate and breast cancer, but with different objectives. Raloxifene and toremifene have been shown to increase BMD in men with prostate cancer receiving ADT. 113, 114 Toremifene was recently shown to reduce the incidence of new vertebral fractures compared with placebo at 2 years (1.0%, vs. 4.8%, P , 0.005), 115 but development of toremifene for the reduction of fractures in men with prostate cancer on ADT was terminated in 2011. 116 In breast cancer, tamoxifen and toremifene are used as adjuvant endocrine therapy 19 and raloxifene is used to prevent and treat osteoporosis, but the NCCN Task Force on bone health recommends that SERMs not be used in combination with aromatase inhibitors outside of clinical trials, 40 since the ATAC trial showed no benefit to combining tamoxifen and anastrozole as adjuvant therapy.
estrogen
Estrogen has been used to reduce the risk of hot flashes in men with prostate cancer receiving ADT, and it may also reduce the risk of osteoporosis. However, side effects including gynecomastia and increased risk of thromboembolism limit its use in prostate cancer. 117 Estrogen replacement therapy is likewise considered controversial in women with a history of breast cancer, including estrogen-receptor negative disease, because it may increase the risk of recurrence. 118 If hot flashes require pharmacologic intervention, non-hormonal therapies (eg, gabapentin or anti-depressants) are generally used.
Calcitonin and teriparatide
Calcitonin, available as an injection or as nasal spray, is an antiresorptive agent approved for prevention and treatment of postmenopausal osteoporosis; the product labeling includes a warning of the possibility of severe allergic reactions including anaphylaxis. 119 Evidence is limited regarding its use in patients with prostate or breast cancer. Teriparatide, administered by daily subcutaneous injection, is a recombinant human parathyroid hormone analog 120 administered for a maximum of 2 years. Teriparatide has been shown to increase BMD and reduce fractures in men and postmenopausal women with osteoporosis. 115, 121, 122 The 40 Based on these concerns, teriparatide is rarely used in oncologic patients.
Denosumab
Denosumab is a fully human monoclonal IgG2 antibody against RANKL, a key mediator of osteoclast formation, function and survival. 123 Denosumab inhibits bone resorption mediated by osteoclasts, with a mechanism of action different from that of bisphosphonates. By binding with high affinity and specificity to RANKL, denosumab prevents RANKL from activating its receptor RANK on the surface of osteoclasts and their precursors. Inhibition of RANK/ RANKL interaction decreases bone resorption and increases bone strength (Fig. 1) . Denosumab, under the brand name Prolia ® (60 mg every 6 months), is approved in the US, Canada, Mexico, Europe, Russia, and Australia for treatment of postmenopausal women with osteoporosis at increased risk for fracture; to increase bone mass in men at high risk for fracture receiving androgen deprivation therapy for nonmetastatic prostate cancer; and to increase bone mass in women at increased risk for fracture receiving adjuvant aromatase inhibitor therapy for breast cancer. Check local product labeling for the wording of specific indications. Denosumab is also approved for the prevention of skeletal-related events (SREs) in patients with bone metastases from solid tumors in the US, Canada, the European Union, and several other countries under the brand name XGEVA ® and in Japan under the brand name RANMARK ® . Denosumab is not indicated for the prevention of SREs in patients with multiple myeloma except in Japan.
Dosing
For the treatment of men or women receiving hormone ablation therapy, a 60 mg dose of denosumab is administered once every 6 months by subcutaneous injection in the upper arm, upper thigh, or abdomen. 70 All patients receiving denosumab should also receive daily supplements of 1,000 mg of calcium and at least 400 IU of vitamin D. (Denosumab 120 mg is administered every 4 weeks to patients with bone metastases for the prevention of skeletal related events. 124 
)
Clinical studies in patients undergoing hormone ablation therapy Denosumab was evaluated in patients with breast cancer or prostate cancer undergoing hormone ablation therapy in two placebo-controlled phase 3 studies that were similar in design (Fig. 2) . Differences included study duration and the fact that the prostate cancer study was much larger and included vertebral fracture reduction as a secondary endpoint. 125, 126 In both studies, patients received subcutaneous denosumab 60 mg or subcutaneous placebo every 6 months. All patients were urged to take $ 1,000 mg of calcium and $400 IU of vitamin D daily. Patients in the prostate cancer study received their last dose of study drug at month 30 and the study ended at month 36. Patients in the breast cancer study received their last dose at month 18 and completed the study at month 24. The primary endpoint in both studies was the percent change from baseline in lumbar spine BMD, assessed at 24 months in the prostate cancer Abbreviations: BC, breast cancer; PC, prostate cancer; S, subcutaneous; Q6M, every 6 months. study 126 and at 12 months in the breast cancer study. 125 BMD was assessed with DXA scans, using Hologic or Lunar machines calibrated across study centers with a set of standard phantoms; scans were centrally monitored. These studies were placebo-controlled because no standard of care was defined and no medications were approved for the treatment of bone loss associated with hormone ablation therapy. 125, 126 Key demographic characteristics of prostate and breast cancer patients receiving hormone ablation therapy in these studies are summarized in Table 1 .
Prostate cancer study
The effects of denosumab treatment on the incidence of fractures, BMD, and bone turnover markers were assessed in the HALT study, a randomized, doubleblind, placebo-controlled phase 3 study in 1,468 men with nonmetastatic prostate cancer receiving ADT. 126 Eligible patients had histologically confirmed nonmetastatic prostate cancer and were receiving ADT (bilateral orchiectomy or GnRH agonist with expected duration of on-study treatment $12 months). They had either a low baseline BMD (T-score , −1.0 at the lumbar spine, total hip, or femoral neck) or history of an osteoporotic fracture. Patients with very low BMD T-scores (,−4.0) at the lumbar spine, total hip, or femoral neck were excluded from the study. Randomization was stratified by age (,70 or $70 years) and duration of ADT (#6 months or .6 months).
Denosumab was shown to reduce the risk of new vertebral fractures, increase BMD, and reduce (63) 80 (63) 559 (76) 559 (76) white, n (%) 119 (95) 116 (91) 609 (83) (84) 114 (90) 538 (73) 552 (75) 1 14 (11) 13 (10) 174 (24) 154 ( markers of bone turnover among men with prostate cancer receiving ADT. The incidence of new vertebral fractures was reduced for the denosumab group after 1, 2, and 3 years. At 1 year, the percentage of new vertebral fractures was 0.3% with denosumab and 1.9% with placebo (relative risk, 0.15; P = 0.004); at 24 months, 1.0% vs. 3.3% (relative risk, 0.31; P = 0.004); and at 36 months, 1.5% with denosumab and 3.9% with placebo (relative risk, 0.38; P = 0.006) (Fig. 3) . 126 In the same study, denosumab also significantly increased mean BMD at the lumbar spine, total hip, femoral neck, and distal third of the radius at 12, 24, and 36 months (P # 0.001) (Fig. 4) . 126 At 24 months (the primary endpoint), the difference between denosumab and placebo was 6.7% at the lumbar spine, 4.8% at the total hip, 3.9% at the femoral neck, and 5.5% at the distal third of the radius. These significant increases in BMD were consistent in all patient subgroups, including older men and those with lower BMD, higher levels of bone turnover markers, or a history of vertebral fracture at baseline (Fig. 5) . 127 The BMD increase in the lumbar spine with denosumab at 36 months was 9.1% for men , 70 years of age and 7.7% for those $70 years of age. In men with BMD T-scores at baseline # −1.0, the BMD increase at the lumbar spine was 9.3%, versus 7.0% for men with baseline BMD T-scores . −1.0. In men with prevalent vertebral fractures, BMD increased 8.7% over the 36 months of the study, compared with 7.6% for men without a prevalent vertebral fracture. Likewise, the duration of ADT at baseline did not have a marked effect on BMD increases. Men who had been on ADT for #6 months experienced an LS mean gain of 9.1% in lumbar spine BMD, compared with 7.6% for men who had been on ADT for .6 months. Denosumab also increased BMD at the total hip and distal third of the radius in all patient subgroups. The effectiveness of denosumab in reducing bone resorption was also assessed in the HALT study using serum bone turnover markers. 128 sCTX, TRACP-5b, and P1NP were assessed at baseline and 1 month postdose, and predose (denosumab trough level) at months 6, 12, 24, and 36. Denosumab treatment resulted in a rapid, sustained reduction of bone turnover markers from month 1 through the end of the last dosing interval at 36 months. As with BMD, denosumab's effect on bone turnover was consistent across patients subgroups, including men aged $ 70 years, men with ADT duration at baseline . 6 months, and men with higher levels of bone turnover at baseline. 128 The changes in bone turnover markers were associated with changes in BMD at 36 months. 128 
Breast cancer
The effects of denosumab treatment on BMD and bone turnover markers were assessed in a randomized, double-blind, placebo-controlled phase 3 study in 252 women with nonmetastatic breast cancer receiving aromatase inhibitors. 125 Eligible patients were women $ 18 years of age with histologically or cytologically confirmed, hormone-receptor positive breast cancer, who were undergoing adjuvant aromatase inhibitor therapy after completion of surgery and/or radiation at least 4 weeks before study entry. All patients had T-scores from −1.0 to −2.5 (osteopenia). Women were excluded if they had prior vertebral fractures, T-scores , −2.5, or current use of bisphosphonates or any anticancer therapy except aromatase inhibitors. Randomization was stratified by duration of prior aromatase inhibitor therapy (#6 months or .6 months). Over the 24 months of the study, denosumab treatment was associated with numerically fewer major nonvertebral fractures and significant increases in BMD compared with placebo. No vertebral fractures were reported in either treatment group during the study. Major nonvertebral fractures (defined as fractures in the pelvis, distal femur, proximal tibia, ribs, proximal humerus, forearm and hip) occurred in 3 patients (2%) in the denosumab group and 5 patients (4%) in the placebo group. Nonvertebral fractures of all types (excluding pathologic fractures, those resulting from severe trauma, and fractures of the skull, face, mandible, and digits) were reported in 8 patients (6%) in each treatment group.
At 12 months, BMD in the lumbar spine increased by 5.5% in the denosumab group compared with the placebo group (denosumab 4.8%, placebo −0.7%, P < 0.0001) (Fig. 6) . At 24 months, the difference between groups was 7.6%, P < 0.0001. 125 Patients in the denosumab group also experienced an increase in BMD after 12 and 24 months at other measured sites; the difference from placebo at 24 months was 4.7% at the total hip, 3.6% at the femoral neck, and 6.1% at the distal third of the radius at 24 months. 125 Gains in BMD were consistent across various patient subgroups in this study. 129 For example, patients who had been on aromatase inhibitor therapy for less than 6 months at baseline had a difference of 5.4% from placebo in lumbar spine BMD at 12 months, compared with 5.6% for patients on aromatase inhibitors for more than 6 months. Gains at the total hip, femoral neck, and distal third of the radius were also similar (Fig. 7) , and the treatment effect of denosumab on BMD was sustained through month 24. Denosumab was similarly effective at all BMD sites for patients regardless of type of AI therapy, prior use of tamoxifen, age, time since the onset of menopause, body mass index, and baseline T-score (Fig. 7) . In the breast cancer study, 80% of patients treated with denosumab had a gain in BMD after 24 months of more than 3% at the lumbar spine, compared with 13% of patients receiving placebo; 50% of denosumab patients had a gain in BMD of more than 6%, compared with only 3% of placebo patients. Similar proportions of denosumab-treated patients had BMD gains at all measured sites. 
Safety and tolerability
In clinical studies of denosumab in patients with prostate or breast cancer receiving hormone ablation therapy, the overall rates of adverse events were similar between the denosumab and placebo treatment groups. A summary of adverse events in these two studies is presented in Table 2 . The denosumab product labeling notes that, in patients treated with denosumab for CTIBL or osteoporosis, hypocalcemia may be exacerbated and that all patients treated with denosumab should receive calcium and vitamin D supplementation. 70 Hypocalcemia was reported in one patient (0.1%) in the prostate cancer study of patients receiving hormone ablation therapy and no patients in the breast cancer study. In the FREEDOM trial of more than 7,800 women with postmenopausal osteoporosis, no patients in the denosumab group were reported to have hypocalcemia during the first 3 years of the study and 1 patient during the 2-year extension phase. 130 In patients with bone metastases, who received a higher dose of denosumab than is given to cancer patients without bone metastases or for osteoporosis, adverse events of hypocalcemia were reported in the prostate cancer study in 6% of patients on zoledronic acid and 13% on denosumab, 131 and in the breast cancer study, in 3.4% of patients on zoledronic acid and 5.5% of patients on denosumab. 132 Another potential risk of denosumab treatment mentioned in the denosumab product labeling is serious infection leading to hospitalization, which was reported more frequently with denosumab in the FREEDOM trial of more than 7,800 women with postmenopausal osteoporosis. Serious adverse events related to infection were reported in 5.9% of denosumab-treated patients and 4.6% of placebo-group patients in the prostate cancer study of men receiving hormone ablation therapy, and in 2% of denosumabtreated patients and 1% of placebo patients in the breast cancer hormone ablation study.
Osteonecrosis of the jaw (ONJ) has been reported in patients receiving either bisphosphonates or denosumab to prevent bone resorption. No cases of ONJ were reported in patients in the two studies described here of denosumab for patients with prostate or breast cancer receiving hormone ablation therapy. 125, 126 The product labeling for denosumab recommends that a routine oral examination be performed by the pre- scriber and that appropriate preventive dentistry be considered before initiation of denosumab treatment. 70 In the HALT study of men receiving ADT, cataracts developed in 4.7% of patients receiving denosumab vs. 1.2% of those receiving placebo. Cataract formation was not observed in other studies of denosumab, in which annual doses 12 to 13 times higher were administered to patients with castrate-resistant prostate cancer, including study of men with bone metastases receiving denosumab or zoledronic acid 131 and a placebo-controlled denosumab study in men at high risk for bone metastases. 133 Likewise, cataract formation was not observed in studies of women with breast cancer treated with denosumab. 125, 129, 132 
Pharmacokinetics and metabolism
To profile the pharmacokinetics of denosumab, data were pooled from 11 clinical studies of varied doses of denosumab that included 22,944 samples from 495 healthy subjects and 1069 postmenopausal women with osteopenia or osteoporosis. 134 The age of participants ranged from 18 to 80 years for healthy subjects (men and women) and from 18 to 85 for post-menopausal women with bone loss. The subcutaneous bioavailability of denosumab was 64%, and the first-order absorption rate constant (ka) was 0.00883 h −1 . The central volume of distribution was 2.49 L/66 kg; the linear clearance was 3.06 mL/h/66 kg. The variability between subjects was moderate. A fixed dose of 60 mg provided inhibition of RANKL similar to that achieved by equivalent body weight-based dosing. The effects of age and race were less than 15% on the area under the serum concentration-time curve of denosumab. Similar results were obtained in another study that included 581 subjects with advanced cancer. 135 The antibody denosumab is metabolized through the reticuloendothelial system, 136 without reliance on renal function, so potential renal impairment has no effect on the pharmacokinetics or pharmacodynamics of denosumab.
conclusions
Bone health is an important consideration in patients with prostate or breast cancer undergoing hormone ablation therapy. The increased survival afforded by effective therapies, including hormone ablation therapy, means that the effects of cancer therapy may influence patients' health and well being for many years. Effective tools are available for the assessment of patients' risk for loss of bone density and fracture, providing clinicians with the ability to monitor and promote patients' bone health. Denosumab 60 mg administered subcutaneously every 6 months has been shown to increase BMD in breast cancer and prostate cancer and to reduce the risk of vertebral fractures in prostate cancer patients undergoing hormone ablation therapy, with an overall safety profile similar to placebo. 125, [127] [128] [129] To promote the over- all health of their patients, clinicians treating patients with prostate or breast cancer using hormone ablation therapy should consider appropriate assessments and therapies such as denosumab to ensure optimal bone health in these long-term cancer survivors.
Disclosures and ethics
As a requirement of publication author(s) have provided to the publisher signed confirmation of compliance with legal and ethical obligations including but not limited to the following: authorship and contributorship, conflicts of interest, privacy and confidentiality and (where applicable) protection of human and animal research subjects. The authors have read and confirmed their agreement with the ICMJE authorship and conflict of interest criteria. The authors have also confirmed that this article is unique and not under consideration or published in any other publication, and that they have permission from rights holders to reproduce any copyrighted material. Any disclosures are made in this section. The external blind peer reviewers report no conflicts of interest. Provenance: the authors were invited to submit this paper.
